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Abstract
Molecularly oriented PVC (known as PVC-O) was developed as an improvement to conventional unplasticized PVC (or PVC-u).
For a given nominal pressure, the biaxial orientation of the pipe material allows to double the tensile strength and increase ﬂexibil-
ity and resistance to cyclic fatigue, with a reduction in weight. Although the PVC-O pipes are produced and used since late 80s, the
behavior of such pipes during transients is not well characterized in literature. In the paper we present the results of transient tests
carried out on a PN16 DN110 pipe and generated by maneuvering an automatically controlled butterﬂy valve. The experimental
setup has been installed at the Water Engineering Laboratory of the University of Perugia, Italy. Both time domain and frequency
domain analyses are performed. The pressure wave speed is evaluated experimentally by means of pressure measurements. Infor-
mation deriving from strain gauges is used to verify and characterize the actual viscoelastic behavior of PVC-O pipes.
© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientiﬁc Committee of CCWI 2015.
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1. Introduction
Polyethylene (PE) and Polyvinyl Chloride (PVC) are the two most used plastic materials for pipes in water dis-
tribution systems. Molecularly oriented PVC (known as PVC-O) was developed as an improvement to conventional
unplasticised PVC (sometimes referred to as PVC-U). Molecular orientation is achieved by increasing the diameter
of the extruded pipes at a high temperature and cooling it rapidly, by means of water or air. Compared to PVC-U,
PVC-O retains the characteristics that originated the massive use of plastic pipes in water distribution systems (no
corrosion, low weight, easy to joint, . . . ); the increase to almost the double of the tensile strength yields larger internal
diameters and reduces the weight for the same pipe nominal pressure.
Since its introduction in the late seventies, PVC-O rheology has been studied and stress and fatigue tests on spec-
imen can be found in literature (e.g., Campi et al. 2014; Kim and Gilbert 2004; Osry 2005; Robeyns and Vanspey-
broeck 2005; West and Truss 2004,2012; Woods et al. 2003). In the framework of the investigations of the leak law,
i.e. the pressure-discharge relationship, for pipes of diﬀerent materials (Ferrante et al. 2011; Ferrante 2012; Massari
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consequence, the transversal strain gages were used as the active, i.e. variable resistance, of the Wheatstone quarter
bridge conﬁguration, while the longitudinal strain gages were used to compensate for the thermic eﬀects, i.e. as
compensating gages (Hoﬀman 1987).
Four piezoresistive pressure transducers, with a 7 bar full scale (f.s.) and an accuracy of 0.1% f.s., were used to
measure the pressure close to the reservoir (PTU), upstream of the maneuver valve (PTD) and 0.50 m downstream of
the the strain gages SGU and SGD (PTSGU and PTSGD).
The data were acquired at 1000 Hz and down-sampled to 100 Hz.
In the following, only a subset containing the most signiﬁcative data is shown.
2.2. Results and discussion
To characterize the viscoelastic behavior of the PVC-O pipe, transients were originated by means of complete
closure maneuvers diﬀering for two parameters: the valve initial opening degree, α, and the valve angular speed, β.
By means of three values of α = π/4, π/9 and 2π/9 it was possible to have diﬀerent ranges of pressure while by
means of three values of β = (π/2) rad/s, 5(π/2) rad/s and 10(π/2) rad/s, the pressure gradients in time were varied. A
resulting set of 9 tests was obtained. As a example, in Fig. 2 the variation in time of the measured pressures (pressure
signals) is shown for α = π/9 and β = 5π/2 rad/s. The pressure wave originated by the valve closure reaches the
transducer PD and then PTSGU and PTSGD causing an increase in the pressure signals. Once the wave is reﬂected by the
upstream reservoir, it reaches the same transducers in the reverse order, causing a decrease in the measured pressure.
Similar results can be seen in Figs. 3 and 4 where the pressure signals at PTD are shown for diﬀerent values of α
and β, respectively.
By means of the measured wave arrival times and distances, it was possible to estimate a wave speed of about
370 m/s for the considered PVC-O pipe. Considering the value of the wave speed and the sampling frequency, the
distance of 0.50 m from the pressure transducers PTSGU and PTSGD to the strain gages SGU and SGD can be considered
as negligible and the pressure samples compared to the synchronous strain samples.
Due to the high values of pressures, p, and low pipe thickness, e, compared to the pipe inner diameter, D, the
transversal stresses on the outer surface of the pipe are given by the simpliﬁed expression:
σ =
pD
2e
(1)
The stresses, σ, calculated by means of Eq. (1), can be compared to the measured strains, , to investigate the
rheological behavior of the PVC-O. In Fig. 5, the same test of Fig. 2 is analyzed in the (,σ) domain. The stresses are
in MPa while strains are in μ, i.e. 10−6 and both are referred to the initial values.
0 0.5 1 1.5 2 2.5 3 3.5 4
−0.1
0
0.1
0.2
0.3
0.4
t [s]
p 
[M
Pa
]
 
 
PD
PSG
U
PSG
D
Fig. 2: Variation in time of the measured pressures at the transducers PD, PTSGU and PTSGD, for α = π/9 and β = 5π/2 rad/s.
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Fig. 3: Variation in time of the measured pressures at the transducers PD for α = π/9 and β = π/2 , 5π/2 and 10π/2 rad/s.
0 0.5 1 1.5 2 2.5 3 3.5 4
−0.1
0
0.1
0.2
0.3
0.4
t [s]
p 
[M
Pa
]
 
 
α0=π/4
α0=π/9
α0=2 π/9
Fig. 4: Variation in time of the measured pressure at the transducer PD, for α = π/4, π/9, and 2π/9 rad, and β = 5(π/2) rad/s.
For a linear elastic behavior, data in Fig. 5 should draw a straight line; although the drawn spiral is narrow and
close to a line, the rheological behavior of the pipe material seems to depend on time, revealing a viscoelastic eﬀect.
To explore the time dependence on time of the σ- relationship, pressure signals of tests with diﬀerent maneuver
duration are considered (Fig. 4). The resulting variation in the (,σ) domain are shown in Fig. 6 where it can be seen
that the lower the pressure signal gradients, the lower the spreading of the data around the elastic behavior line. When
lower pressure gradient are considered, as for the tests of Fig. 4, the data are very close to the elastic behavior line
and the viscoelastic eﬀects become negligible.
For all the considered cases, a linear ﬁtting of the data provided values of the Young modulus, E, always higher
than the literature value of about 4000 MPa. It is worth of noting that when the viscoelastic eﬀects take place, the
association of a single E value to the pipe material can be misleading since the viscoelastic rheological behavior
requires more than one parameter.
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Fig. 5: Stresses and strains at SGD for Fig. 2 test.
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Fig. 6: Stresses and strains at SGD for Fig. 3 tests.
3. Conclusions
In this paper the preliminary results of transient tests on a PVC-O pipe are presented. The coupled measures of
pressures and strains allow to investigate the viscoelastic eﬀects straightforward in the strain-stress domain. Although
these tests have to be considered as a ﬁrst, preliminary attempt for an accurate rheological and hydraulic characteriza-
tion, some conclusions can be derived. As an example, even though the considered pressure ranges concern about 1/6
of the pipe working pressures (0-2 bar compared to 0-12 bar), the viscoelastic eﬀects are visible when a sharp transient
pressure wave is generated. These eﬀects are much less visible when the transient is originated by a maneuver that
is slow in hydraulic terms, i.e. the duration is grater than the pipe characteristic time. What is sure is that further
tests are needed to improve the knowledge about the implications of the rheological behavior of PVC-O pipes on the
hydraulic characteristics of transients.
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Fig. 7: Stresses and strains at SGD for Fig. 4 tests.
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